Abstract-This paper presents the design and control of a three-phase ground power supply unit for aircraft servicing. A new mixed technology converter composed by a three-phase Silicon Carbide (SiC) full bridge unit and a three-phase full bridge IGBT unit connected across the same dc link is used instead of the conventional full bridge configuration. In order to satisfy the stringent requirements of the output voltage quality particular attention is given to the controller. The common dc link topology of the converter allows circulation of Zero Sequence Current (ZSC), therefore also a 0 axis regulator is necessary. The state space model of the system considering the LC output filter is presented and used in order to synthetize the controller parameters using the Optimal Control theory.
I. INTRODUCTION
In the past ground power supply units (GPUs) for aircraft both in military and civil aviation were built as a rotating motor-generator systems while nowadays the solid-state converter solution has been accepted as a standard due to higher efficiency, low maintenance, reduced costs and high reliability. The use of a solid-state converter GPU in an ac-toac back-to-back configuration coupled with an output LC filter leads to substantial savings since converting the energy burning fuel on the aircraft is more expensive than doing it on the ground. GPUs power ranges from 30 to 180 kVA suppling aircrafts with a sinusoidal voltage of 115 Vrms at 400 Hz [1] . Furthermore, the GPU is used in some cases for engine starting, allowing the shutdown of the auxiliary power unit (APU) on the aircraft and consequently reduce the air, noise pollution and maintenance of the APU. Of extreme importance is the voltage control of GPUs with output LC filter and isolation transformer, in order to achieve high quality output voltage regardless of type of load, without distortions even when feeding nonlinear loads such as diode bridge rectifiers and power electronic loads. Due to the stringent requirements conventional converters and controllers have difficulties to achieve good waveform quality [2] [3] [4] leading to application of more complex converter topologies such as multilevel converters [5] and matrix converters [6] . The most used methods to reduce harmonics and increase the voltage control performances consist in increasing the switching frequency or increasing the output filter [7] . The first solution encounters the problems of the limited switching capability of conventional semiconductor devices [8] . Instead increasing the values of the filter inductance and capacitance increases the quality of the output voltage, but increase the size and cost of the system and may lead to slow dynamic response. Since the dc link supply voltage is obtained rectifying the available network voltage of the airport a step down transformer is needed to provide the desired supply for the aircraft. The converter-side windings of the transformer can be then configured as an open-end. Applications of open-end winding (OEW) transformer are found in high-power converter systems connected to the medium-voltage network in order to match the voltage levels of the converter with the mediumvoltage grid. The OEW transformer can be fed from both ends using two-level voltage source inverters (VSIs) [9] achieving the same as a three-level neutral-point-clamped (NPC) converter. One single dc link or two separate ones can be used to feed the converters, in [10] separate dc links are used for a photovoltaic application while in [11] the same topology is used for a wind energy conversion system. The separate dc link architecture for the OEW transformer is well known in the literature and used with different converters topologies [12, 13] . If on one hand choosing the common dc link topology results in a ZSC flowing freely in the system [14] on the other hand the common dc link structure significantly simplifies and reduces the costs of the topology. Different methods to suppress the ZSC have been proposed in the literature such as using CM chokes [9] or by implementing modified modulations [15] [16] [17] . In this paper, in order to achieve low harmonic distortion, two 2-level VSIs, one composed by IGBT devices and the other by SiC ones are used. Both the IGBT and SiC units of the converter are supplied by a common dc link supply. The SiC switching devices allow to work at higher switching frequencies than the conventional IGBTs with lower switching losses. However, due to their lower maturity level, the current rating of SiC products actually available on the market makes their use difficult in conjunction with IGBT, in high power applications. The double fed OEW transformer with common dc link architecture allows to double the supply voltage that means, for constant power, to halve the current. In this paper a new mixed technology composed of two converters, IGBT and SiC, feeding three single phase transformers is used in order to obtain higher system efficiency [18] and reduce the harmonic distortion due to nonlinear loads. From the control point of view, one of the main disadvantages of working at 400 Hz is a reduced ratio between the switching frequency of the converter and the fundamental frequency, furthermore having the constraint of high control bandwidth in order to meet output voltage control requirements. Allowing the SiC unit to switch at higher frequencies than the IGBTs the previous problems are easily eliminated and compensation of high order harmonics is possible. Thanks to the output filter inductance and the transformer one, the zero sequence impedance is high enough to prevent the circulation of high ZSC, but still it requires a 0-axis regulator. Consequently the controller adopted in this paper is composed by three integral controllers, one for each axis in the qd0 synchronous reference frame and two resonant controllers opportunely tuned for the q and d axis respectively in order to eliminate the 5 th and 7 th harmonics introduced, for example, by a diode bridge rectifier. In presence of relatively complex regulator like the one adopted in this work, the tuning of the controller parameters can be difficult often resulting in unstable solution. To overcome this problem, the optimal control theory has been applied to synthetize the controller, resulting in very good performance. In the following, the system structure and model, the controller tuning procedure and some simulation results are reported.
II. DUAL-FED IGBT SIC MODULATION AND CONTROL

A. Modulation scheme for Dual-Fed IGBT-SiC GPU
The modulation consists in a square wave control of the IGBT converter allowing it to switch at the fundamental frequency being here 400 Hz. The SiC converter instead, switches faster than the IGBT one in order to compensate the harmonic distortion introduced by the low switching-rate IGBT converter. This separation of the duty cycles between the two converters results in an increased efficiency of the overall architecture and allows to exploit the different natures of the two converters. Considering the different switching frequencies of the two converters, the IGBT is mainly responsible for the conduction losses while the SiC for the switching losses. The modulation adopted has been already applied for an open end winding permanent magnet synchronous drive [19] while in this paper it has been used for the OEW transformer GPU topology. The flowchart of the proposed modulation strategy is shown in Fig. 2. From Fig. 1 it is clear how the voltage on the output filter is the difference between the IGBT converter output voltage and the SiC one.
(1)
In the dual-fed single dc-link configuration the maximum and minimum voltage that can be applied to each phase of the output filter are and respectively, compared to and of a standard single VSI. The modulation duty cycles are obtained normalising the controller output (1), in fact the same relationship is used for the duty cycles generation for the IGBT and SiC converters that will be fed to the modulators (2) Where are the duty cycles corresponding to the normalised controller output control voltages, and are respectively the duty cycles of the IGBT and SiC converters. As already mentioned, the aim is to exploit the two different technologies used for the two converters with the intent to reduce the overall converter losses, therefore the IGBT modules switch at the lowest possible switching frequency while the SiC is intended to switch as fast as possible. Setting the IGBT converter to modulate in six-step mode, i.e., square wave mode at the fundamental frequency of the output waveforms, would result in extremely low switching frequency and almost exclusively conduction losses for the IGBT switching devices. The IGBT duty cycles are then obtained from the controller ones as follows The modulation described in (2-4) consists in a square wave control of the IGBT converter resulting in a switching frequency at the fundamental frequency of the grid. The square wave modulation of the IGBT converter introduces elevated harmonic distortion therefore the SiC converter needs to switch faster than the IGBT one in order to compensate it. The role of the SiC converter in this configuration can be interpreted as an active filter that eliminates the harmonic distortion introduced by the low switching IGBT one. This separation of the duty cycles between the two converters results in an increased efficiency of the overall architecture and allows to exploit the different natures of the two converters. Considering the different switching frequencies of the two converters, the IGBT is mainly responsible for the conduction losses while the SiC for the switching losses.
B. Suppression of Zero-Sequence Current in Dual-Fed IGBT SiC GPU
It is well known how OEW dual fed topologies sharing the same dc link have the intrinsic problem of circulating currents and their causes have been identified in the common mode voltage produced by the two converters and the voltage nonlinearities of a VSI such as dead-times and devices voltage drops [14] . The entity of the circulating current depends on the zero-sequence impedance of the topology: the lower the equivalent impedance the higher will be the ripple of the zerosequence current. In the topology proposed the problem of the circulating current is significantly reduced thanks to the output LC filter, of which its primary role is to filter out the high frequency distortion introduced by the converters in order to meet the output voltage requirements. As it will be shown in section II.C, combining the LC filter with a zero sequence controller allows to eliminate the circulating current.
C. Control of Dual-Fed IGBT-SiC GPU
It can be noticed that the 3 phases of the system depicted in Fig. 1 are identical, therefore the output filter of the single phase is sufficient in order to derive the three phase model of the system. For further explanation and notation the output filter is presented in Fig. 3 for a generic phase j, where j can assume the values a, b and c. If the Kirchhoff voltage and current equations are written for the system of Fig. 3 , the following system is obtained: (5) Where are the equivalent voltages applied by the two inverters and are the filter capacitor voltages. and are respectively the phase current, the current flowing on the filter capacitor and the load current absorbed. are respectively the output filter inductance and its equivalent series resistance, the filter capacitance and its equivalent series resistance. Rearranging equations (5) and writing them for the three phase system, equations (6) and (7) are obtained. (6) (7) Finally, the system equations are transformed in the qd0 synchronous reference frame resulting in (8) The qd0 system matrices and vectors are reported at the bottom of the page for clarity of explanation.
is the grid pulsation, are the system state, are the load disturbance currents, represent the system states that want to be controlled to a set point and the system input corresponding to the transformed voltages produced by the inverters. The final goal of the controller is to regulate the 3 capacitor voltages to their reference values and rejecting at the same time the load disturbances. A convenient way to synthetize it is to use a linear quadratic approach [20] . Given a system in the state space form (8), the optimal linear quadratic regulator permits to compute a feedback control law in the form (9) minimizing the cost (10) However, the presence of a distorting load (i.e. a diode bridge rectifier) would cause the presence of a load current no longer sinusoidal, which is the main constraint that a GPU has to satisfy. Typically, the current distortions produced by a nonlinear load appear at frequencies multiple of and which correspond to a sixth harmonic ( in the qd0 reference frame. In many applications, compensating for the 6 th harmonic is sufficient to obtain good output waveforms. An elegant way to face the problem is to filter the relevant portion of system state using a dynamic system presenting high gain at the frequencies to be compensated. The output of the filter will be then used in the cost function (10) in place of the whole state. In this work, the dc component and the 6 th harmonic are the most relevant. The 6 th harmonic filter has been added in parallel to the integral controller only for the q and d axis because exclusively on these axis the distortion is present. The overall filter state space structure is (11) (12) where (13) All the 0 terms are null matrices of appropriate dimension.
, and are the state, the input and the output of the filter respectively.
is the resonance pulsation of the filter. A resonant-integral filter has been used for the dand q-axis while an integral filter has been adopted for the 0-axis. Extending system (8) with filter (11) considering that (14) is the state, is the input and is the performance output. Equations (9) and (10) (15) is now a static feedback from the extended system state, the resulting controller is a dynamic regulator including the filter dynamics (11) . The resulting overall control structure is presented in Fig. 4 .
III. SIMULATION RESULTS
The performance of the proposed GPU has been tested in simulation using Matlab\Simulink. The main system parameters are reported in Table I . The weights and of (16) are square matrices of null elements outside the diagonal.
has all one on the main diagonal while has all zeros except the elements corresponding to the resonant and integral states. The values used in the simulation are reported in Table  I The voltage references for the d-and 0-axis are set to zero while the q-axis voltage reference is set to be 3 times the output voltage since step down transformers with a transformation ratio of 3 are used. Fig. 5 presents the results obtained with a three-phase resistive load, the actual voltages compared against their reference values in the qd0 reference frame when a load step from 10% to full load is applied at 5 ms. Fig. 6 shows the qd0 voltage transients when a nonlinear diode bridge rectifier load is connected at 4 ms. The ripple could be further reduced extended filter (11) with additional resonance peak at other frequencies. Fig. 7 shows the effectiveness of the implemented control in tracking the output reference voltage with a negligible error. The THD is evaluated as 1.81% far below the standards limit of 5%.
IV. CONCLUSIONS
A new IGBT-SiC dual fed three-phase ground power unit architecture for aircraft servicing has been presented. The system composed by a novel mixed technology IGBT-SiC converter with the two units connected across the same dc link with an output LC filter and three single phase transformers has been mathematically analyzed. A system model has been derived and used to synthetize the controller with the linear quadratic regulator. High performance both in dynamics and harmonic distortion elimination for the case of a nonlinear bridge rectifier load has been achieved as shown in the simulation results.
